We investigate the production of aluminium and magnesium in asymptotic giant branch models covering a wide range in mass and composition. We evolve models from the pre-main sequence, through all intermediate stages, to near the end of the thermally-pulsing asymptotic giant branch phase. We then perform detailed nucleosynthesis calculations from which we determine the production of the magnesium and aluminium isotopes as a function of the stellar mass and composition. We present the stellar yields of sodium and the magnesium and aluminium isotopes. We discuss the abundance predictions from the stellar models in reference to abundance anomalies observed in globular cluster stars.
Introduction
In recent years our attempts to understand many aspects of nucleosynthesis and stellar evolution have come to rely on our understanding of the production of the magnesium and aluminium isotopes. For example, abundance anomalies in globular cluster stars have been a problem for many years, and the role of Mg and Al is central, and far from understood (Shetrone 1996; Yong et al. 2003) . At the heart of this problem is the quest for the origin of the Mg and Al anomalies: are they produced in the star itself, and mixed to the surface by some form of deep mixing (Denissenkov & Weiss 1996) , or are they the result of pollution from an earlier generation of stars? The latter would seem to implicate asymptotic giant branch (AGB) stars (Denissenkov et al. 1998; Ventura et al. 2001) , where Mg and Al can be produced by thermal pulses (and mixed into the envelope by the subsequent third dredge-up, hereafter TDU) and hot bottom burning (HBB). For a review of the AGB phase of evolution we refer the reader to Iben Jr (1991), Frost & Lattanzio (1996) , and Busso, Gallino, & Wasserburg (1999) .
Although all isotopes of magnesium are produced by massive stars, low-metallicity supernovae models mostly produce 24 Mg, with very little 25 Mg and 26 Mg synthesised. Only when the initial metallicity of the model reaches about [Fe/H] ∼ −1 is there substantial 25 Mg and 26 Mg production (Fenner et al. 2003) . Observations of the Mg isotopic ratios in metal-poor stars (Gay & Lambert 2000) show that there is more of the neutron-rich Mg isotopes in these stars than expected from detailed chemical evolution models using supernovae yields alone (Timmes, Woosley, & Weaver 1995) . Other possible sources of the neutron-rich magnesium isotopes include the winds from Wolf-Rayet (WR) (Maeder 1983; Woosley, Langer, & Weaver 1995) and AGB stars (Forestini & Charbonnel 1997; Siess, Livio, & Lattanzio 2002) . There are currently no quantitative studies of the production of the neutronrich Mg isotopes in low-metallicity WR stars. There are quantitative studies of magnesium production in lowmetallicityAGB stars (Forestini & Charbonnel 1997; Siess et al. 2002) but these studies do not cover a sufficiently large range of mass or composition to produce yields suitable for galactic chemical evolution models. Further, the yields of Forestini & Charbonnel (1997) involved extrapolations from parameterised 'synthetic' models, rather than being the result of detailed stellar evolutionary calculations. For this reason, a quantitative estimate of the production of the neutron-rich Mg isotopes from AGB models of different mass and metallicity is the main aim of this paper.
Magnesium is processed together with aluminium through the Mg-Al chain, and hence a discussion of one requires a discussion of the other. The main product of the Mg-Al chain is the unstable 26 Al, which has a half-life of τ 1/2 = 710,000 years. The decay of 26 Al into 26 Mg results in the emission of 1.809 MeV photons, which can be used to probe the spatial distribution of the stars responsible for the 26 Al production (Chen, Gehrels, & Diehls 1995) . The COMPTEL satellite mapped the distribution of 26 Al in the Galaxy, and the future INTEGRAL satellite will reveal details of that map (Prantzos 1998) . Whilst most of the 26 Al observed in the Galaxy today probably originated in young massive WR stars (Prantzos 1993) , contributions from other sources such as classical novae (José & Hernanz 1998) and low and intermediate mass AGB stars might be important (Meynet 1994) . The production and destruction of 26 Al in AGB stars has been discussed in detail by Mowlavi & Meynet (2000) . These authors found that HBB in massive AGB stars could be an important source of 26 Al. Nollett, Busso, & Wasserburg (2003) recently studied parameterised extra-mixing processes in low mass 1 AGB models. They found that, depending on the mixing parameters used, 26 Al can be produced in sufficient amounts to explain the 26 Al/ 27 Al ratio inferred to have been present in some circumstellar oxide grains at the time of their formation.
In this paper we present detailed stellar models for a wide range of masses and compositions, evolved from the pre-main sequence to near the end of the thermally-pulsing AGB phase. We discuss the production and destruction mechanisms for the Mg and Al isotopes, and provide yields suitable for chemical evolution calculations. We also present yields for sodium as there are currently no yields for this element from low to intermediate mass stars published in the literature.
In the next section we discuss the stellar models used to investigate the production of Mg and Al. In the third section we discuss the site of Mg and Al production in AGB stars, giving examples from stellar models of different masses and compositions. We present our yields for 23 Na, 24 Mg, 25 Mg, 26 Mg, 26 Al, and 27 Al in Section 4. We finish with a discussion of the main applications of the results presented.
Stellar Models
Models were calculated with the Mount Stromlo Stellar Structure code, updated to include the OPAL opacities of Iglesias & Rogers (1996) . We discuss the details of the code used and the initial abundances in Frost & Lattanzio (1996) and Karakas, Lattanzio, & Pols (2002) . The reader is also referred to Wood & Zarro (1981) and Lattanzio (1986) . Mass loss was included using the prescription of Vassiliadis & Wood (1993) but without the modification for M greater than 2.5M . We calculated model sequences for three different initial compositions: Z = 0.02, 0.008, and 0.004, over a range in mass 1 ≤ M 0 (M ) ≤ 6 where M 0 is the initial stellar mass.
Initial abundances for the solar composition (Z = 0.02) models were taken from Grevesse, Noels, & Sauval (1992) , and the initial Large Magellanic Cloud compositions (Z = 0.008) and Small Magellanic Cloud compositions (Z = 0.004) were from Russell & Dopita (1992) . In the evolutionary models we include six species: H, 3 He, 4 He, 12 C, 14 N, and 16 O, and we present the initial abundances (in mass fractions) in Table 1 . Note that we set 3 He = 0 initially. We use the standard mixing-length theory for convection, with a mixing-length parameter α = l/H P = 1.75. We do not include convective overshoot in our models even though there is evidence that it may be important on the main sequence for intermediate mass stars (Chiosi et al. 1989; Schaller et al. 1992) . The latest models suggest that the amount of overshooting required is small (Barmina, Girardi, & Chiosi 2002) , and for simplicity we have ignored overshoot in the models to be presented. We included semiconvection during core He burning using the prescription described in Lattanzio (1986) . We find the convective boundary at the base of the outer envelope by searching for a neutral border to the convective zone, in the manner described in Frost & Lattanzio (1996) and Karakas et al. (2002) . We note that this method does increase the efficiency of the TDU for low-mass models but we do not find any dredge-up for the Z = 0.02 models with M ≤ 2.0M . Reaction rates used in the evolution code were taken mostly from Caughlan & Fowler (1988) , but with updates included in the nucleosynthesis calculations (see below). We performed detailed nucleosynthesis calculations separately using a post-processing nucleosynthesis code which includes time-dependent mixing in all convective zones. In the nucleosynthesis network there are 74 nuclear species: from neutrons and protons up to sulphur there are 59 nuclei, with another 14 iron group species to allow neutron capture on iron seed nuclei. There is also an additional 'particle' g which has the function of counting the number of neutron captures occurring beyond 60 Ni. The reaction network is terminated by a neutron capture on 61 Ni followed by an ad hoc decay, producing the particle represented by the symbol g: 61 Ni(n, γ) 62 Ni → 61 Ni + g. Following the method of Jorissen & Arnould (1989) , neutron captures on the missing nuclides are modelled by neutron sinks, meaning that the 34 S(n, γ) 35 S and the 61 Ni(n, γ) 62 Ni reactions are given some averaged cross section values in order to represent all nuclei from 34 S to 54 Fe and from 61 Ni to 209 Bi respectively. The initial abundances for H, 4 He, 12 C, 14 N, and 16 O are the same as used in the evolution code (Table 1) ; all other species are either solar or scaled solar (see Table 5 ).
The bulk of the 506 reaction rates are from the Reaclib Data Tables, based on the 1991 updated version of the compilation by Thielemann, Arnould, & Truran (1991) . We include recent reaction rates for α, proton, and neutron capture reactions when available, as detailed in Lugaro (1998 Lugaro ( , 2001 .
Production of Magnesium in AGB Stars
The magnesium and aluminium isotopes are produced in three sites in AGB stars: the hydrogen-burning shell (H shell) via the Mg-Al chain, the helium-burning shell (He shell) via α-capture on 22 Ne, and at the base of the convective envelope in the most massive AGB stars that Figure 1 Reactions of the Ne-Na and Mg-Al chains. Unstable isotopes are denoted by dashed circles (Rolfs & Rodney 1988; Arnould et al. 1999). experience HBB, again via the Mg-Al chain. The efficiency of production of each site depends in a complicated way on the temperature (i.e. initial mass), initial composition, and the extent to which each site affects the other.
In this section, we discuss the effects and efficiency of each production site, giving examples from our extensive set of stellar models. We try to separate out the effects of the H-burning shell, He-burning shell, and HBB using appropriate models, but note that in the most massive models this is quite difficult.
Hydrogen-Burning Shell
Magnesium and aluminium are produced in the H-burning shell via the activation of the Mg-Al chain, which begins operation at temperatures of about 30 × 10 6 K (Arnould, Goriely, & Jorissen 1999) . This involves the radioactive nuclide 26 Al, which has a ground state 26 Al g that has to be considered a separate species from the short-lived (τ 1/2 = 6.35 s) isomeric state 26 Al m , since they are out of thermal equilibrium at the relevant temperatures (Arnould et al. 1999) . Hereafter, when we refer to 26 Al we are referring to the ground state, 26 Al g . In Figure 1 we show the reactions involved in the Ne-Na and the Mg-Al chains (Arnould et al. 1999; Rolfs & Rodney 1988) . The first isotope in the Mg-Al chain to be effected is 25 Mg, which is burnt to 26 Al. The lifetime of β-decay relative to proton capture generally favours proton capture within the H-burning shell. This produces the unstable 27 Si which β-decays (with a lifetime on the order of a few seconds) to 27 Al. The rate of 26 Mg + p is slow until the temperature reaches about 60 × 10 6 K, so we only find small reductions in 26 Mg in most AGB models. We note that the abundance of 26 Mg is enhanced by the decay of 26 Al in the H-shell ashes. Proton capture on 24 Mg requires higher temperatures than those required for the other reactions in the Mg-Al chain. For that reason most of our models show little change in the abundance of this isotope due to the slow rate of proton capture at temperatures below about 70 × 10 6 K.
The main effect of the Ne-Na chain is the production of 23 Na from proton capture on 22 Ne, which begins at about 20 × 10 6 K (Arnould et al. 1999) . The rare neon isotope, 21 Ne, can be substantially enhanced by an unnoticeable destruction of 20 Ne at temperatures below 40 × 10 6 K, but at temperatures above this 21 Ne is completely destroyed. 20 Ne can be slightly destroyed at temperatures above 50 × 10 6 K, but the destruction of 23 Na at temperatures over about 80 × 10 6 K can lead to a slight enhancement in the 20 Ne abundance (Arnould et al. 1999) .
The lowest temperature in the H-burning shells of our AGB models is just over 40 × 10 6 K for the 1 M , Z = 0.02 model, and the highest temperatures reached are about 98 × 10 6 K for the 6 M , Z = 0.004 model. Thus even in the lowest mass models the Mg-Al chain is active, depleting 25 Mg and producing 26 Al. However we still need the operation of the TDU to mix the products of the H shell to the surface. We only find the TDU in models with M > 2M at solar composition, and for less massive models there are no surface abundance changes during the thermally-pulsing AGB (TP-AGB) phase. For the Large Magellanic Cloud (with Z = 0.008) and Small Magellanic Cloud (with Z = 0.004) models, there is substantial dredge-up at 1.5M , enough to turn the models into carbon stars, but no dredge-up for either composition at 1.25 M .
In the low-mass models, the change to the surface abundance of the Na, Mg, and Al isotopes with efficient TDU is as follows. There is a very small depletion in the abundance of 25 Mg and a slight increase in 26 Mg, 26 Al, and 27 Al. The 24 Mg abundance remains unchanged. The 23 Na abundance increases after each dredge-up episode, but the increase over the entire TP-AGB phase is small compared to the increase observed in models with HBB. We demonstrate the effect of H-burning nucleosynthesis in Figure 2 . In the left panel of Figure 2 we show the composition profile of the 1.5 M , Z = 0.004 model just before the 14th thermal pulse, showing the ashes of the Hburning shell. The shaded region denotes the convective envelope. The maximum extent of the convective pocket during the 14th thermal pulse is noted. In the right panel of Figure 2 we show the composition profile at the maximum extent of the TDU, after the pulse. The composition of 26 Al in the intershell has been homogenised by the convective pocket, but is not destroyed by neutron capture. After the next dredge-up episode, the surface abundance of 26 Al has increased by about 30%.
In conclusion, the operation of the H shell in low-mass models is quantitatively unimportant to the production of the Mg isotopes. Some 23 Na and 26 Al is produced in low mass, low-metallicity AGB models, but this conclusion suffers from many uncertainties. In the next two sections we discuss the operation of the He-burning shell and HBB, and show that these sites are much more important in intermediate mass AGB models than the H-burning shell.
Helium-Burning Shell
The He-burning shell inAGB stars is a rich source of nucleosynthesis. The main result is the production of 12 C, which when mixed to the surface may produce carbon stars.
There is also a wealth of other He-burning products such as 22 Ne, 25 Mg, and 26 Mg, plus species produced through the combined operation of the H and He-burning shells such as 19 F (Forestini et al. 1992 ) and 23 Na (Mowlavi 1999b) .
Substantial 22 Ne is created during a thermal pulse by α-capture onto the 14 N left by the H-burning shell during the preceding interpulse period. If the temperature exceeds about 300 × 10 6 K, 25 Mg and 26 Mg can be produced in substantial quantities by α-capture onto 22 Ne via the reactions 22 Ne(α,n) 25 Mg and 22 Ne(α, γ) 26 Mg. In the right panel of Figure 3 we show the time variation of the intershell abundances of 22 Ne, 25 Mg, and 26 Mg for the 4 M , Z = 0.008 model for the 15th to the 20th pulse. This model experiences very deep dredge-up, which began following the third thermal pulse. The abundance for each species initially decreases due to the growth of the convective shell into the region previously processed by the H shell. At the end of the preceding interpulse phase this region has been depleted in 22 Ne, 25 Mg, and 26 Mg via H burning at temperatures near 80 × 10 6 K. As the temperature in the intershell convective region increases, successive α-captures onto 14 N first produce an increase in the 22 Ne abundance followed by an increase in 25 Mg and 26 Mg when the temperature reaches ∼300 × 10 6 K. Note that after the intershell convective pulse dies down, the final 22 Ne abundance is still high, making it the third most abundant species in this region (after 4 He and 12 C, but higher than 16 O).
The exact amounts of 25 Mg and 26 Mg produced in the He shell are dependent on the reaction rates. In the lefthand panel of Figure 3 we plot the NACRE reaction rates (Angulo et al. 1999 ) for the two 22 Ne α-capture reactions at the relevant temperatures for He-shell burning. The 22 Ne(α,n) 25 Mg reaction is slightly faster, favouring production of 25 Mg over 26 Mg. At the highest temperatures reached in the He shell, around 380 × 10 6 K for the most massive AGB stars, the rate for the 22 Ne(α,n) 25 Mg reaction is almost an order of magnitude faster than the 22 Ne(α, γ) 26 Mg reaction rate (see Figure 3) .
The relative amount of 25 Mg to 26 Mg produced in the He shell is also dependent on the other nuclear burning sites: in the hottest H shells, 25 Mg can be substantially depleted compared to 26 Mg. Because the ashes of the H-burning shell are engulfed by the next thermal pulse, the pre-pulse abundance of the two heavy Mg isotopes can be quite different. For example, in the 6 M , Z = 0.004 model, the abundance of 25 Mg/ 26 Mg can be as low as 0.2 at the beginning of a thermal pulse (c.f. the initial ratio 25 Mg/ 26 Mg ∼ 0.9). For this model, even though the temperature in the He shell favours the production of 25 Mg over 26 Mg, the ratio 25 Mg/ 26 Mg ∼ 0.65 just prior to the TDU.
Temperatures exceed 300 × 10 6 K in the He shell of models with M 3 M , depending on the composition. For example, the 3 M solar composition model does not reach temperatures of 300 × 10 6 K in the He shell until the very last calculated thermal pulse, but the temperature in the He shell of the 3M , Z = 0.004 model exceeds 300 × 10 6 K after the 8th thermal pulse. In Figure 4 we show the composition profile for the 3 M , Z = 0.004 model just prior (left panel) and during (right panel) the 23rd thermal pulse. This model began dredge-up after the second thermal pulse and soon developed very deep dredge-up. This diagram demonstrates the large increase in the 25 Mg and 26 Mg abundances in the intershell when the temperature exceeds 300 × 10 6 K.
In conclusion, the He shell is the most important production site of the heavy magnesium isotopes but depends in a complicated way on the temperatures in the He shell and the abundance of the matter left by the H shell at the end of the interpulse phase. The aluminium isotopes are not produced in the He shell. The isotope 26 Al can be depleted by neutron capture by the reactions 26 Al(n,p) 26 Mg and 26 Al(n,α) 23 Na, noting that neutrons come from the 22 Ne(α,n) 25 Mg reaction. The isotope 27 Al is not altered at the temperatures found in the He shells of AGB stars.
Hot Bottom Burning in Massive AGB Stars
For AGB models with M 4 M , depending on the composition, the bottom of the convective envelope reaches into the top of the H-burning shell. H burning occurs primarily via the CNO cycle, but also via the Ne-Na and Mg-Al chains if the temperature is high enough. This site then becomes important for the production of many elements, including nitrogen (Frost et al. 1998; Chieffi et al. 2001) , lithium (Travaglio et al. 2001) , and sodium (Mowlavi 1999b) , as well as magnesium and aluminium (Mowlavi & Meynet 2000) .
The region in the envelope that is hot enough for H burning is quite thin but owing to efficient mixing, where the convective turnover time scale is of the order of one year, the matter in the entire envelope passes through the hot region at least 1000 times during every thermal pulse cycle. This means that the CN cycle operates in equilibrium after a few interpulse periods, reducing the 12 C/ 13 C ratio from the pre-AGB value near 20 to the equilibrium value of about four. Hot bottom burning also prevents carbon star formation (Boothroyd, Sackmann, & Ahern 1993) , because the 12 C mixed into the envelope by the TDU is burnt mostly to 14 N. There are also depletions in 15 N, 18 O, and, if the temperature is high enough, 16 O.
When the temperature is high enough for the Ne-Na and Mg-Al chains to operate, 2 23 Na and 26 Al are produced at the expense of 22 Ne and 25 Mg. The Ne-Na and Mg-Al chains follow the same sequence as seen in the H shell, except that temperatures of at least ∼90 × 10 6 K are required before 24 Mg is substantially depleted. In Figure 5 we show the time variation of various surface abundances for the 6 M , Z = 0.004 model. This figure demonstrates the most extreme behaviour we found in the HBB models, with temperatures exceeding 94 × 10 6 K at the base of the convective envelope. Large depletions in 16 O, 24 Mg, and 22 Ne are followed by significant enhancements in 25 Mg, 26 Mg, and 26 Al. We also observe moderate enhancements in 23 Na and 27 Al. After the mass of the envelope is reduced below about 2 M , the temperature is too low for HBB and the continuation of dredge-up turns the model into an obscured carbon star, with C/O ≥ 1 (see Frost et al. 1998 ).
Stellar Yields
Low to intermediate mass stars are important for galactic chemical evolution for at least three reasons: (1) their rich nucleosynthesis; (2) their high mass-loss rates during the first and asymptotic giant branch phases; (3) their high frequency compared to more massive stars.
We define a stellar yield in the same way as Marigo (2001):
where M k is the yield of species k (in solar masses), dM/dt is the current mass-loss rate, X(k) and X 0 (k) refer to the current and initial mass fraction of species k, and τ is the total lifetime of the stellar model. The yield as defined by equation (1) can be negative, in the case where the element is destroyed, and positive if it is produced. In practice, our models do not lose their entire envelopes during the TP-AGB evolution owing to convergence difficulties near the end of the AGB phase. For the lower masses considered, the envelope mass remaining is very small, and is less than what was lost during the last interpulse period. For example, the 1.5 M , Z = 0.008 model has a final envelope mass of 7.9 × 10 −2 M , whereas 0.585 M is lost during the last interpulse period owing to the very high mass-loss rates that develop during the VW93 superwind phase. In these cases we calculate the yield by simply removing the small remaining envelope (with its current composition). For the more massive models, there may be enough envelope mass remaining for a few thermal pulses to occur. At this stage the envelope mass is relatively small, and the effects of the TDU can be large, as the dilution is smaller. HBB has ceased by the time the model calculation ends, so we do not need to make allowance for this rather complicated process (see Izzard et al. 2003 for a recent discussion). This means that the species most affected are those which are present in the intershell convective zones.Although the surface abundances may change significantly, in most cases the yields are not dramatically altered during these last few pulses, because the amount of mass involved is small. To calculate the stellar yields in these cases we will use the principles of synthetic AGB evolution to model the few remaining pulses.
Estimating the Surface Enrichment from the Last Thermal Pulses
For each of our model sequences, we estimate the number of pulses remaining after the evolution calculation ceased. We do this by calculating the amount of matter lost from the envelope per interpulse period and the change to the mass of the H-exhausted core owing to H-shell burning and the TDU. If we assume the mass loss is constant over the interpulse period (which is approximately correct) then the amount of matter lost per interpulse is
where τ ip is the interpulse period (in years) andṀ(r, l, M) is the mass-loss rate as a function of the radius, luminosity, and total stellar mass (in units of M yr −1 ) taken from Vassiliadis & Wood (1993) . The total mass at the ith thermal pulse is then
If we assume that the H-exhausted core mass grows by a constant M H per interpulse period and decreases in mass after each thermal pulse owing to the TDU, then the change in the mass of the H-exhausted core from the (i − 1)th to the ith pulse is given by
where λ is the TDU efficiency parameter. 3 The detailed evolutionary sequences provide all the necessary input, i.e. from the last calculated model we take the stellar mass, H-exhausted core mass, radius, and luminosity. The quantities M H , τ ip , and λ are evaluated between the last two thermal pulses. For the remaining evolution we assume that the radius, luminosity, M H , λ, and the interpulse period τ ip are constant. In Table 2 we present, for the last calculated model, the stellar mass, H-exhausted core mass, envelope mass (with masses given in solar masses), the interpulse period, λ, the number of pulses calculated in detail, the number of thermal pulses calculated synthetically, and the pulse number at which the first TDU episode occurred (for models that had final envelope masses larger than 0.1 M ). From Table 2 it is evident that only the more massive AGB models, in particular the 4, 5, and 6 M models, are estimated to undergo more than one additional thermal pulse. Since the magnesium and aluminium isotopic yields are also the largest from these more massive models, we need to estimate the contribution from these extra thermal pulses to the stellar yield calculation. The method used to estimate the number of remaining thermal pulses can also be used to evaluate the enrichment of the envelope. We know (from the detailed nucleosynthesis calculations) the composition of the intershell for a given model. If we assume that the intershell abundances are constant for each remaining thermal pulse, we can estimate the mass of species X mixed into the envelope at a given dredge-up episode, i.e. M X = X shell λ M H , where X shell is the intershell abundance (in mass fractions). The mass fraction of species X at the surface for the ith interpulse phase will then be
where X i−1 is the abundance of species X at the surface for the (i − 1)th interpulse phase and M i env is the current envelope mass.
We also note the evolutionary position of the last calculated model: if at the beginning of a thermal pulse then we adjust abundances first before removing mass from the envelope. This was the most common situation for model calculations. Likewise, if the last calculated model is at the beginning of an interpulse phase or some fraction from the start of the current interpulse phase, then we remove the corresponding amount of matter from the envelope before adjusting abundances. For example, for models with the last calculated model half way through the current interpulse phase, then the first calculation removes 0.5 M from the envelope and increases the core mass by 0.5 M H before adjusting abundances. Subsequent interpulse periods remove M per interpulse period.
Figure 6
Surface abundance evolution during the AGB of the neon, sodium, and magnesium isotopes for the 6.5 M , Z = 0.02 model. The final seven dredge-up episodes are calculated via the semi-analytic formulae described in the text. Figure 3 ) only about 20% of the 22 Ne in the intershell is converted to Mg, whilst in the 6 M , Z = 0.004 model up to 75% of the 22 Ne is converted to Mg. In Figure 6 we plot the surface abundances during the TP-AGB for the 6.5 M , Z = 0.02 model, including the enrichment from the seven remaining thermal pulses using the method described above.
The yields, M k , for the species 23 Na, 24 Mg, 25 Mg, 26 Mg, 26 Al, and 27 Al are presented in Tables 3 and 4 along with the final remnant masses. In Table 5 we present a list of the initial abundances for these isotopes used in the nucleosynthesis calculations. For models that have at least one thermal pulse remaining we present two sets of yields. The first set of yields are calculated with the λ value given in Table 2 , and will be referred to as our standard set. We note however that when the envelope mass is reduced by mass loss, the efficiency of the TDU should be reduced (Straniero et al. 1997; Karakas et al. 2002) , but it is unknown to what extent and at what envelope mass this effect is important. To estimate the effect of a reduced λ on the stellar yields we calculate a second set of yields with λ = 0.3 for all remaining TDU episodes. 
Results
In Figure 7 we plot the standard set of yields of 23 Na (upper left), 25 Mg (upper right), 26 Mg (lower left), and 26 Al (lower right) as a function of the stellar mass and composition. We weight the stellar yields by the threecomponent initial mass function (IMF) of Kroupa, Tout, & Gilmore (1993) given by the formula
where ξ(m)dm is the probability that a star has a mass (in solar units) between m and m + dm. The constants are given by a 1 = 0.29056, a 2 = 0.15571, and m 0 = 0.1 M (Hurley, Tout, & Pols 2002) . In each figure, the black solid line (and points) refer to the Z = 0.02 models, the blue dashed line (and open squares) refer to the Z = 0.008 models, and the red dot-dashed line (and open circles) refer to the Z = 0.004 models. We plot for comparison the yields of Forestini & Charbonnel (1997, hereafter FC97) , also weighted by the IMF. Along with the stellar yields, we also present the surface abundance results from some of our stellar models. In Figure 9 we present the time variation of the relative proportions of the three Mg isotopes during the AGB evolution, and in Figure 10 we present the 26 Al/ 27 Al ratio for the same six models. In each figure, we show the results for the 4 M (left) and 6 M (right) models, with the Z = 0.02 models shown in the top panel, the Z = 0.008 models in the middle panel, and the Z = 0.004 models in the bottom panel. Figure 7 shows that the yields produced from our models are strongly dependent on the initial metallicity. For all species considered, the Z = 0.004 yields are considerably larger than the Z = 0.02 yields. The yields are also highly dependent on the initial stellar mass. As expected, lowmass models contribute little to the production of 25 Figure 9 ) produces more 25 Mg and 26 Mg than any other. This is because HBB is very efficient at destroying 24 Mg, so that 25 Mg and 26 Mg account (in almost equal proportions) for all of the Mg in the envelope. Note also the large decrease in 25 Mg after HBB ceases; this is due to the continued dredge-up of material with more 26 Mg relative to 25 Mg (owing to the efficient destruction of 25 Mg in the H-shell ashes, as described in Section 3.2). The final yields reflect, however, the contribution from HBB: the 25 Mg yield is twice that of the 26 Mg yield.
The weighted 23 Na yield is bimodal, reflecting the contribution from the first dredge-up in low-mass models and HBB occurring in the most massive AGB models. Also as expected from Figure 10 , the yields from the models with HBB produce the largest amount of 26 Al. We can see the effect of HBB on the 4 M models. The 4M , Z = 0.02 model, which does not experience HBB, has a final 26 Al/ 27 Al ratio ∼6 × 10 −4 compared to the 4 M , Z = 0.004 model with HBB which has a final 26 Al/ 27 Al ratio ∼4 × 10 −3 . The difference between our standard set of stellar yields, plotted in Figure 7 , and the set calculated with λ = 0.3 is small in most cases. This is especially true for the intermediate mass models which experience many thermal pulses and HBB during the TP-AGB phase, so the change to the surface composition from the few remaining pulses is small. The difference at the lower mass models (M 3 M ) is more significant. There are two main reasons for this. The first reason is that lower mass models do not experience as many thermal pulses with TDU as do the higher mass models (as Table 2 shows). Secondly, owing to long interpulse periods (>50 000 years), a considerable amount of matter may be lost between thermal pulses, which leads to a significant change to the stellar yield.
If we compare our results to FC97, we see from Figure 7 that we produce more 23 Na, 25 Mg, and 26 Mg at all masses and metallicities. We also produce more 26 Al in the Z = 0.008 and Z = 0.004 models but about the same at Z = 0.02. The large difference between our yields and those of FC97 is most likely explained by the different modelling approaches used. We use detailed stellar models for most of the TP-AGB phase, only using synthetic modelling for the final few thermal pulses. In comparison, FC97 use detailed modelling for the pre-AGB phase and for a few thermal pulses. The majority of the thermal pulses were calculated synthetically. The surface abundance changes caused by HBB are highly dependent on the temperature (and the density) at the base of the convective envelope. If these quantities are not treated correctly in the synthetic model, the resulting yields will be quite different to those found from detailed modelling. For example, FC97 extrapolated the behaviour of the temperature at the base of the envelope forward in time, realising that this extrapolation was likely to be incorrect.
The yields presented in Figure 7 are subject to many uncertainties including the modelling of convection, which determines if and when the TDU occurs. We note that many authors still do not find the TDU in AGB models without including some form of overshoot (see Mowlavi 1999a and Herwig 2000) beyond the base of the convective envelope. Herwig (2000) includes diffusive convective overshoot on all convective boundaries and obtains very efficient dredge-up. He also finds that the composition of the intershell is much different from standard models, where the 16 O and 12 C mass fractions are about 20% and 50% respectively (compared to 2% and 25% in standard models). The 22 Ne mass fraction found in Herwig's (2000) models are similar to ours, at about 2%, so in principal the Mg yields should be similar. However, the convective overshoot might change the temperature profile in the convective pocket, which would affect the rate of 25 Mg and 26 Mg production.
The uncertainty in the mass-loss rates applied during the AGB phase strongly affects the stellar yields. The Vassiliadis & Wood (1993) mass-loss formula that we use results in low mass-loss rates for most of the TP-AGB, and very high mass loss near the end of the AGB phase, where most of the convective envelope is lost in the last few thermal pulses. Figures 5, 6 , 9, and 10 show that the largest changes to the surface abundance of the Mg isotopes occurs during the final few thermal pulses. The surface abundance of the isotopes altered by HBB, such as 23 Na and 26 Al, reach their peak value before the massloss rates become very high, so consequently the yields of these species would not be as affected by a different choice of mass-loss formula as would the yields of the Mg isotopes. However, the choice of a different mass-loss law might result in HBB being shut off at an earlier envelope mass or not occurring at all, which would drastically alter the surface abundance of the species effected by HBB.
There is further uncertainty in the stellar yields from some of the nuclear reaction rates involved in the Ne-Na and Mg-Al chains, and α-capture during He burning. Arnould et al. (1999) give a discussion of the uncertainties affecting the NACRE compilation of reaction rates, and how these uncertainties might affect the surface abundance calculations. Briefly, there are significant uncertainties in the rate of the 22 Ne(p,γ) 23 Na reaction for temperatures over about 30 × 10 6 K. If the lower limit of the NACRE compilation is used, significantly less 23 Na will be produced from H burning. In the Mg-Al chain, there are large uncertainties in the 26 Mg(p,γ) 27 Al reaction, and Arnould et al. (1999) comment that significant amounts of 27 Al could be produced if the NACRE upper limit is selected. We note also that the 26 Al(p,γ) 27 Si reaction is uncertain by more than a factor of 10 3 at temperatures above 50 × 10 6 K. In regards to the 22 Ne α-capture reactions, there are large uncertainties in the 22 Ne(α,n) 25 Mg reaction at temperatures between 150 and 400 × 10 6 K (Arnould et al. 1999) . If the NACRE lower limit of this rate, and the upper limit of the 22 Ne(α,γ) 26 Mg reaction (though not as uncertain), is used, the stellar models might produce more 26 Mg relative to 25 Mg via He-shell burning.
Initial-Final Mass Relation
The final remnant masses used in the yield calculations are given in Table 3 for the Z = 0.02 models and Table 4 for the Z = 0.008 and Z = 0.004 models. The final remnant mass is chosen to be the mass of the H-exhausted core at the end of the evolution calculation, with the synthetic evolution included for the final pulses (where needed). There are two remnant masses for models that have the remaining thermal pulses calculated with synthetic evolution. The first remnant mass is from the calculation with λ taken from Table 2 , and the second from the calculation with λ = 0.3. The second remnant mass is larger than the first, because a larger value of λ results in deeper TDU, which in turn results in a smaller core mass after a thermal pulse than the case with less efficient TDU. From here on, we refer to the first entry for each model as the final mass.
The final H-exhausted core mass depends upon a number of factors, including the mass-loss law chosen for the AGB phase, the occurrence and efficiency of the TDU, as well as on the details of the previous central He-burning phase (which determines the mass of the He core at the beginning of the TP-AGB phase). In Figure 8 we compare the final masses for the Z = 0.02 models with the initial-final mass relation given by Weidemann (2000) . The agreement is quite good for models with M 3 M but less so for models with M 3 M . We note that this is the mass range where observations demand carbon stars which the models have trouble in producing. This is probably more evidence for our need to improve our understanding of dredge-up and its commencement. Deeper dredge-up will produce a smaller final mass than a similar case with shallow dredge-up (Weidemann 2000) . Hence if deeper dredge-up is required to match the carbon star luminosity function in this mass range, then a lower final mass will result, as required by Figure 8 . It is our educated guess that what is required is for the evolution to occur at slightly lower core masses, and thus terminate at lower core masses, with only a small effect on the yields. But a quantitative estimate is not possible at present.
Discussion
The most abundant isotope of magnesium is 24 Mg, produced in supernovae. However early generations of AGB stars should also produce substantial amounts of 25 Mg and 26 Mg. Hence within a stellar population, the relative ratios of these isotopes can indicate the importance of AGB star contributions to the stellar material. For example, the first stars to form from supernovae should contain pure 24 Mg (i.e. 24 Mg : 25 Mg : 26 Mg = 100 : 0 : 0) but the AGB stars from this population will return large amounts of 25 Mg and 26 Mg, so that the next generation will be enriched in the heavy isotopes, and will show very different ratios. Note that many of our models return material with as much 25 AGB stars have been suggested as the source of some of the short-lived nuclides present in the early solar system (Busso et al. 1999) . For 26 Al this seems to require material with 26 Al/ 27 Al ∼ 5 × 10 −5 (Wasserburg et al. 1994) . Note that this is after dilution with the interstellar medium: one infers a ratio of at least a few ×10 −3 in the ejecta (Wasserburg et al. 1994) . Figure 10 shows this ratio for the same six models as shown in Figure 9 . We see that the required ratio is easily produced for models with HBB, such as the 4 M model with Z = 0.004, or any of the 5 M (not shown) or 6 M models.
The ion-probe analysis of meteorites is providing us with information about pre-solar grains and hence providing strong constraints on nucleosynthesis models. Aluminium has been detected in oxide grains (which form in oxygen-rich atmospheres) and SiC grains (which form in carbon-rich atmospheres). Each provides a constraint for a different physical regime in the evolution of AGB stars, possibly representing different stars and/or evolutionary states. A recent discussion is found in Nollett et al. (2003) .
Within the oxide grains, the highest inferred 26 Al/ 27 Al ratio is about 10 −2 at the time of formation. Although this is easily achieved by our models, there is much more information provided by the grains which must also be considered, such as the oxygen isotope ratios. In the mainstream SiC grains, an 26 Al/ 27 Al ratio of about 10 −3 is obtained in a carbon-rich environment, where C/O > 1 (Amari et al. 2001a (Amari et al. , 2001b . This result would seem to rule out AGB stars with HBB as a suitable environment to form the mainstream SiC grains. Low mass AGB stars with extra mixing have been suggested instead. In these low mass AGB models, carbon dredge-up increases the C/O ratio >1, and a slow extra mixing process (so the 12 C is not efficiently burnt to 14 N) produces some 26 Al (Nollett et al. 2003) . A quantitative study and confrontation between our models and grain measurements will be the subject of a later paper, where Si isotopes and s-process nuclides must also be included.
